Segmentation  by Tautz, Diethard
Developmental Cell, Vol. 7, 301–312, September, 2004, Copyright 2004 by Cell Press
ReviewSegmentation
of teloblastic cells (Shankland and Seaver, 2000). Anne-Diethard Tautz*
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and ectoderm become segmented in parallel, whileWeyertal 121
chordates subdivide primarily the mesoderm and arthro-50931 Ko¨ln
pods primarily the ectoderm.Germany
In view of these dramatic differences, it would seem
futile to even try to find a common origin for segmenta-
tion. Still, molecular hints are now accumulating that
The three major taxa with metameric segmentation suggest unexpected similarities. The first came from
(annelids, arthropods, and chordates) appear to use comparisons of the expression of hairy related genes
three very different molecular strategies to generate in the short germband embryos of the beetle Tribolium
segments. However, unexpected similarities are start- and zebrafish embryos (Figure 1). This has sparked a
ing to emerge from characterization of pair-rule pat- new discussion on the segmentation question (Kimmel,
terning and segmental border formation. Moreover, 1996), although it is now clear that these expression
the existence of an ancestral segmentation clock patterns are generated by very different mechanisms
based on Notch signaling has become likely. An old (Figure 2 and see below). However, more data from
concept of comparative anatomy, the enterocoele the- different systems have now accumulated that make a
ory, is compatible with a single origin of segmentation common origin more likely again. Several reviews have
mechanisms and could therefore provide a conceptual already discussed various aspects of the evolution of
framework for assessing these molecular similarities. segmentation processes (Tautz and Sommer, 1995;
Davis and Patel, 1999, 2002; Scholtz, 2002; Peel and
Akam, 2003; Minelli and Fusco, 2004). The aim of this
Introduction review is to outline a possible synthesis between mor-
Metameric segmentation of the anterior-posterior body phological and developmental views.
axis occurs only in a minority of the approximately 30
described phyla (Nielsen, 2001). Still, it is a hallmark of Comparative Anatomy
those animal groups that have been particularly suc- In the older morphological literature, the terms “seg-
cessful in generating high morphological diversity. It ments” and “somites” are used essentially interchange-
has therefore often been argued that the repetition of ably; i.e., there is no mutually exclusive anatomic defini-
building blocks has many functional benefits (Barnes et tion for them. However, it has become customary to
al., 1993; Brusca and Brusca, 1990; Wilmer, 1990). In use “somite” specifically for mesoderm segmentation
particular, it allows flexibility with respect to differentiat- in chordates, while “segment” is more encompassing,
ing body regions to perform different tasks, which is including ectodermal and mesodermal segmentation in
most evident in arthropods. Such generally advanta- annelids and arthropods.
geous design principles are often subject to conver- Segments and Coeloms
gence in evolution, like the wings of birds and bats. The definition of segmentation has often been linked to
Thus, it would be plausible if there were multiple evolu- coelom formation (Clark, 1963). The coelom is a second-
ary body cavity of mesodermal origin, found in mosttionary and molecular origins of segmentation.
bilaterian animals. It is fluid filled, and its ancestral func-Developmental mechanisms of segmentation have
tion may have been that of a hydrostatic skeleton. Seg-been best studied in insects and vertebrates, and this
mental repetition of coelomic cavities might have al-has indeed suggested major differences. Segmentation
lowed early worm-like creatures to swim efficiently orin Drosophila occurs via a hierarchical interaction of
to burrow through sediments (Clark, 1963). True seg-transcription factor gradients that subdivide an initially
mentation in this sense requires an at least embryologi-broad cellular field into smaller units (St Johnston and
cally visible repetition of coelomic sacs (Figure 3). ThisNu¨sslein-Volhard, 1992; Pankratz and Ja¨ckle, 1993), a
definition excludes other phenomena of serial repetitionmechanism that one could call top-down segmentation.
of body structures, such as proximodistal segmentationThe opposite, bottom-up segmentation, is seen in verte-
of appendages in arthropods, serial generation of repro-brates. Chicken somitogenesis depends on cyclical acti-
ductive apparatuses in cestodes, or strobilation in cni-vation of the Delta-Notch signaling cascade, whereby
darians (Kroiher et al., 2000; see Minelli and Fusco, 2004,a given cellular field experiences many cycles of up-
for further examples). Here I will focus on segmentationand downregulation before it becomes committed to
in its restricted definition, although the analysis of theseform a new somite (Pourquie´, 2001). From a design point
other forms of body part repetition will eventually pro-of view, these are probably the two most extreme differ-
vide additional insights into how many different ways ofences that one can think of, given the task of creating
creating repeated parts are possible.a repetitive pattern. A third mode of segmentation is
Using the coelom as a defining character for segmen-found in annelids, namely the budding off of new seg-
tation has an important consequence. A segmentedmental founder cells through asymmetric cell divisions
coelom occurs also in animal groups that are usually
not listed among the segmented animals, such as echi-
noderms, hemichordates, pogonophores, or molluscs.*Correspondence: tautz@uni-koeln.de
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Figure 1. Comparison of Segmentation in an
Insect (Tribolium) and a Vertebrate (Ze-
brafish)
(A) Tribolium embryo at the extended germ-
band stage, stained with a nuclear stain
(DAPI)—the ventral side is up. (B) Zebrafish
embryo at the end of the somitogenesis pro-
cess—the dorsal side is up. (C and D) Expres-
sion of a homolog of the Drosophila pair-rule
gene hairy in the growth zone of Tribolium
(C) and the presomitic mesoderm of zebrafish
(D). Although these patterns look superficially
similar, they are produced by very different
mechanisms.
These animals develop primary coelomic cavities, which The Enterocoel Theory
The segments that are generated in the primary segmen-are separated by epithelia and thus resemble segments.
However, they do not develop a growth zone from which tation mode are normally derived from pouches of the
endoderm, a process that is called enterocoely. It wasfurther segments are generated. The terms “primary
segmentation” and “secondary segmentation” are used thought for some time that this occurs only in deuteros-
tomian taxa, most typically in hemichordates and echi-in the literature to distinguish between these different
forms of segmentation. The secondary segmentation noderms, but it is also found in chaetognaths and pogo-
nophorans, which were grouped with the deuterostomesprocess is connected with a growth zone and is only
found in chordates, annelids, and arthropods. It pro- for some time. However, molecular phylogenies group
them now with protostomes (Giribet et al., 2000; Mallattduces at least initially repetitions of identical units and
can therefore be equated with “metameric segmenta- and Winchell, 2002).
Thus, enterocoely is a feature found in many basaltion.” The whole argument for a possible single origin
of segmentation centers around the question of whether groups and can therefore be considered to be an ances-
tral feature of bilaterian animals. This is the premise forthe primary segmentation (and thus coelom formation)
is an ancestral feature of bilaterian animals and of the enterocoele theory, which proposes a direct transi-
tion from radially symmetric diploblastic animals to thewhether the secondary segmentation is closely linked
to primary segmentation, or whether it is an entirely bilaterally symmetric triploblastic animals. The idea has
already emerged at the end of the 19th century (Lang,independent process.
Figure 2. Schematic Comparison of Seg-
mentation Modes
Left: Top-down segmentation through suc-
cessive subdivisions of a field; right: bottom-
up segmentation through a cyclic expression
wave. The figure presents overlapping series
of successive stages from the growth zone
(red bar) of a schematic embryo (top) with
time progressing from top to bottom. The
blue bars symbolize expression domains; the
yellow circles mark cells in a prospective
segment. The left diagram shows an initial
pair-rule pattern with an intercalation of a
segmental border; the marked cells retain
their original expression domain. The right di-
agram shows an expression wave moving
from posterior to anterior and ending at a new
segmental border; the marked cells experi-
ence on an off states of the expression do-
main. Note that the final stage looks identical,
although it was derived from two different
mechanisms.
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Figure 3. Coelom Formation in an Insect
Embryo
Top: Tribolium embryo at an intermediate
segmentation stage, stained with a nuclear
stain (DAPI) and an engrailed probe by in situ
hybridization. The darker bands correspond
to the engrailed hybridization signal. Bottom:
dorsoventral section through the posterior
part of this embryo. C, coelomic mesoderm
with the coelomic cavity; E, ectoderm with
the engrailed signal (blue) at the segmental
border. Picture from Sommer (1992).
1881; Sedgwick, 1884; Masterman, 1897). In the 20th It assumes that this ancestor already had at least four
gastric pockets, as they are for example found in cteno-century, it was revived by Remane (1950) and a discus-
sion of its strengths and weaknesses appeared in 1963 phores. The new axis would have formed along one
pair of these pockets whereby the oral opening would(Hartman, 1963; Remane, 1963).
The enterocoele theory (Figure 4) suggests that a elongate, reminiscent of the blastopore slit in triploblas-
tic embryos (Figure 4B). The gastric pockets would thendiploblast-like progenitor has developed a new axis per-
pendicular to the oral-aboral axis (Figures 4A and 4B). detach and become coelomic sacs, whereby the most
Figure 4. Depiction of the Enterocoel Hypothesis
(A) The hypothetical radially symmetric ancestor seen along the aboral-oral axis, from the side of the oral opening (compare scheme below).
It is thought to have had four gut pouches, as they can nowadays be seen in ctenophores.
(B) A new axis has developed perpendicular to the aboral-oral axis (compare scheme below), causing a separation of the lateral gut pouches
and an elongation of the mouth. “a” represents the anterior side of the new anterior-posterior axis. Note that this scheme does not make a
particular statement with respect to the origin of the dorsoventral axis.
(C) The gut wall and the gut pouches have separated, whereby the latter represent now the coelomic cavities—this represents the archi-
meric type.
(D) An abstract scheme of coelom formation in a enteropneust hemichordate embryo, which belongs to the archicoelomates. The stipled
parts represent the forming coelomic mesoderm.
(E) Next step in the scheme of the enterocoele theory. The anterior two coelomic sacs become reduced and the posterior third sac starts to
become segmented—this represents the deutomeric type.
(F) In the final step, it is assumed that the anterior coelomic sacs are lost and a growth zone has formed adjacent to the originally third
coelomic sac (arrows) which generates the further segments—this represents the tritomeric type.
(G) An abstract scheme of larval annelid development, left with the anterior coelomic sacs which have formed from the gut and the growth
zone at the posterior end, right with the first segments formed in the growth zone. The anterior part of the larva represents the remnants of
the deutomeric type, while the whole larva is of the tritomeric type.
The pictures are based in part on Remane (1950).
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anterior one would remain unpaired and the “blasoto- the combination of different pair-rule genes at given
positions of the embryo defines the expression domainspore slit” would form mouth and anus (Figure 4C). This
of the segment polarity genes. These are then used tois a stage which can be seen in real animals. Figure
determine the embryonic segmental units (called para-4D shows the scheme of development of a particular
segments [Martinez-Arias and Lawrence, 1985]). Theenteropneust hemichordate embryo that follows exactly
parasegmental borders are generated by an interactionthe pathway symbolized in Figures 4B and 4C. This
between the wnt signaling pathway (wingless) and theform of segmentation is called “archimeric type” and
transcription factor engrailed, which are expressed inthe animals that show it are called “archicoelomates.”
the cell rows flanking the parasegment border (InghamRemane (1963) has used this stage for reconstructing
and Martinez Arias, 1992).a general ancestor of Bilateria.
A particularly important hallmark of Drosophila seg-In a next step, the anterior unpaired and the middle
mentation is the fact that the individual stripes of thepaired coelomic sacs would become reduced or com-
primary pair-rule genes hairy, even-skipped, and runtpletely lost, while the posterior part would develop into
are specified by separate enhancer elements (Pankratza paired structure that starts to become segmented
and Ja¨ckle, 1993; Klingler et al., 1996). Thus, the seem-(Figure 4E). This stage is called the “deutomeric type”
ingly elegant and smooth repetitive pattern of the pair-and can for example be seen during amphioxus develop-
rule stripes of the blastoderm stage embryo in Drosoph-ment. The first segments in amphioxus (called head cavi-
ila is generated in a rather inelegant way (Akam, 1989),ties) are derived from the endoderm through the genera-
not involving any cyclic repetition of a regulatory loop.tion of pouches which form in the wall of the gut.
Such an extreme top-down mode is rather specificFinally, a growth zone developed, from which further
for higher Dipterans and was initially not expected tosegments are generated in a sequential process (Figure
be applicable to embryos which generate their seg-4F). This is the “tritomeric type” of segmentation, which
ments from a posterior growth zone. However, althoughis particularly well represented in annelids where larval
it is often stated that all segments are simultaneouslysegmentation switches to adult segmentation (Figure
specified in Drosophila, it has long been known that the4G), but which also represents, for example, the further
generation of the pair-rule and segment polarity stripescourse of segmentation in amphioxus. With respect to
is faster in more anterior regions than in the posteriorthe terms discussed above, archimeric and deutomeric
ones (Pankratz et al., 1990), indicative of remnants of atypes represent primary segmentation and tritomeric
secondary growth process. Based on the logic of thetypes secondary segmentation modes.
regulatory interaction between maternal genes and gapThe enterocoele hypothesis has been challenged
genes, one can even argue that most of the segmenta-(Hartman, 1963) but not refuted. Nonetheless, it has
tion gene hierarchy is driven by events emanating frombeen almost superseded by the concept of an acoelo-
the anterior region and passing the information towardmatic bilaterian ancestor and secondary, possibly multi-
the posterior, with the hunchback gradient playing aple independent derivation of the coelom (Wilmer, 1990).
crucial role in this transition (Hu¨lskamp and Tautz, 1991).Thus, although comparative anatomy gives an excellent
In fact, there are among Dipterans also cases whereguidance through the diversity of developmental forms
the most posterior segments are specified only afterof segmentation, it has not been able to come up with
blastoderm stage (Rohr et al., 1999).universally agreed upon concepts. The study of the de-
Among the genes of the segmentation gene hierarchyvelopmental mechanism governing segmentation in
in Drosophila, the maternal genes are the most divergentsome model organisms now gives us new hints toward
ones, even among insects. The anterior organizer bicoid,the possible ancestry and homology of the process. In
for example, may have been a very late evolutionarythe following, I shall first discuss the three major types
addition in the higher Dipterans, replacing a more ances-of molecular segmentation mechanisms, before re-
tral system that is based on maternal expression of
turning to the question of a possible common origin.
orthodenticle in short germ embryos (Stauber et al.,
1999; Schro¨der, 2003). The other genes of the hierarchy
Top-Down Segmentation: The Drosophila Mode are often more conserved, both molecularly and func-
Arthropods look most similar to each other at the seg- tionally. The most anterior gap genes orthodenticle and
mented germband stage, yet differ with respect to the empty spiracle are even known to be expressed in verte-
developmental processes leading toward this stage brates in comparable head regions (Reichert and Si-
(Sander, 1983). Drosophila development constitutes one meone, 2001). The central gap genes hunchback, Kru¨p-
extreme in this respect. All segments are specified dur- pel, and giant are well conserved among insects (Tautz
ing the syncytial blastoderm stage, allowing transcrip- and Sommer, 1995; Bucher and Klingler, 2004); hunch-
tion factor gradients to directly determine the positional back is even known from annelids and is expressed
values at which segmental borders will eventually arise during early cleavage stages (Shimizu and Savage,
(Pankratz and Ja¨ckle, 1993). Segmentation in Drosophila 2002). Finally, the terminal gap gene tailless is conserved
starts with a broad determination of anterior and poste- between vertebrates and insects, but only with respect
rior regions, defined by long-range gradients of mater- to its anterior expression (Monaghan et al., 1995). The
nally expressed genes (St Johnston and Nu¨sslein-Vol- posterior expression of tailless appears to be already
hard, 1992). These gradients then define the position of functionally different between Drosophila and the beetle
the gap gene domains, which specify blocks of adjacent Tribolium (Schro¨der et al., 2000).
segments. The gap gene products generate short-range This pattern of partial conservation and divergence
gradients required to set up double segmental units, also applies to the pair-rule genes and segment polarity
genes (see below). However, molecular conservationreflected in the expression of the pair-rule genes. Finally,
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cannot be directly equated with functional conservation. and, accordingly, other genes of the Notch pathway
show cyclic expression as well, including Delta and luna-The most important question with respect to functional
conservation is whether a hierarchical subdivision mode tic fringe homologs. In addition, at least for the mouse
it was shown that Wnt3a is required to initiate Notchexists also in short germband embryos with successive
segment specification. The flower beetle Tribolium has oscillation. It was even suggested that the wnt pathway
is the crucial component to start the clock (Aulehla et al.,emerged as an excellent model system for analyzing
this. Mutagenesis experiments have shown that gap 2003), although this inference has still to be confirmed in
other vertebrate species.phenotypes and pair-rule phenotypes do indeed exist,
indicative of a top-down mechanism (Maderspacher et Promoter studies for some of the cyclically expressed
genes have shown that specific enhancer elements existal., 1998). Moreover, all known gap gene homologs in
Tribolium show contiguous expression domains typical that convey the cyclic expression (Morales et al., 2002;
Gajewski et al., 2003). But none of the studies has pro-for gap genes, although the relative position of these
appears to be shifted toward anterior and their function vided evidence for enhancer elements that would drive
distinct stripes in specific body regions. This provesmay be more complex, involving the direct regulation
of homeotic genes (Tautz and Sommer, 1995; Schro¨der, further that the whole mode of generating the repetitive
structures in vertebrates is very different from the Dro-2003; Bucher and Klingler, 2004). Finally, a first func-
tional analysis of the promoter region of the pair-rule sophila mode.
Still, even in this decidedly bottom-up system, theregene hairy in Tribolium suggests the existence of stripe-
specific enhancer elements as in Drosophila, indicative is also one top-down component, namely an fgf gradient
that defines the field within which cycling takes placeof being directly regulated by gap genes (Eckert et al.,
2004). (Dubrulle and Pourquie´, 2004). fgf RNA is transcribed
only at the posterior tip of the embryo and is then pro-This touches on the still unsolved problem of syncytial
development in Drosophila versus cellular development gressively degraded in the newly formed tissue, which
leads effectively to an fgf protein gradient. The determi-in short germband embryos (Tautz and Sommer, 1995).
Is it conceivable that the transcription factor gradient nation front of the somites is at the end of the gradient
and somites can only form when the fgf concentrationsystem of Drosophila that directly specifies positional
values can also work under cellular conditions? At least is low. Thus, this gradient specifies a large field which
gets segmented, which is reminiscent of the Drosophilain animals, it is still unclear whether transcription factors
can directly pass through cell membranes in tissues (but maternal or gap gene gradients. But the function of the
fgf gradient is to couple and coordinate posterior growthsee, e.g., Joliot and Prochiantz, 2004, for evidence from
cell culture experiments). Thus, the generation of diffu- with somite formation (Dubrulle and Pourquie´, 2004),
which is fundamentally different from the maternal andsion controlled transcription factor gradients seems un-
likely in short germband embryos. On the other hand, gap gene function in Drosophila.
The mode of generating the fgf gradient, namely bygiven the general overall similarities between Drosophila
segmentation and short germband segmentation, with progressive degradation of a component in a developing
cellular field, could also serve as a model for short germ-all kinds of intermediate stages known, it would also
seem rather implausible that an ancestral cell-cell sig- band insect embryos and could thus solve the dilemma
of syncytial versus cellular development (see above).naling system could have completely been replaced by
a transcription factor driven system in Drosophila (Tautz But there is currently no concrete evidence that this
does indeed apply.and Sommer, 1995; Eckert et al., 2004). Further research
in Tribolium is likely to provide new clues for this Although vertebrates seem to all share the basic
mechanism of somite formation, there are nonethelessquestion.
interesting differences in detail. For example, while cy-
clic PSM expression of lunatic fringe is a part of theBottom-Up Segmentation: The Chicken Mode
clock in chicken and mouse, it is not even expressed inMolecular insights into the somitogenesis process in
the PSM of the zebrafish (Prince et al., 2001; Leve etvertebrates have first come from the chicken as the
al., 2001). Similarly, although hairy-related genes aremodel system. Palmeirim et al. (1997) noticed that a
cyclically expressed in the PSM of all analyzed verte-homolog of the pair-rule gene hairy (c-hairy1) is ex-
brates, they are not necessarily orthologous to eachpressed in the presomitic mesoderm (PSM) that consti-
other (Leve et al., 2001; Gajewski and Voolstra, 2002).tutes the growth zone in chordates. However, the ex-
These observations suggest that different genes canpression turned out to be highly dynamic rather than
become recruited to the basic process of somitogenesispair-rule-like, and it became clear that waves of expres-
during evolution. This shows most clearly that con-sion are started at the posterior end of the PSM that
served patterning principles can be built on variablemove toward anterior to eventually define a new somitic
molecular pathways.border. Each wave generates one new somitic border,
but since the PSM is rather long in chicken, the most
caudal cells will experience at least 12 cycles of c-hairy1 Budding Segmentation: The Leech Mode
Annelids show a peculiar stereotyped mode of initialexpression before they eventually become committed
to a somite. This process has been called the somitogen- cleavage of the zygote, the spiralian cleavage with early
specifications of cell fate (Shankland and Seaver, 2000).esis clock, and it is now clear that it applies in a similar
way to other vertebrates, like zebrafish, Xenopus, and The segments are generated from teloblastic stem cells
which divide asymmetrically to form segmental foundermouse (reviewed in Pourquie´, 2001; Rida et al., 2004).
Notch signaling is a crucial component of the clock, cells. These divide further to generate the segments.
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The leech has long served as an annelid model for seg- pathway genes in chicken, suggesting that there are
two primordial head segments. They conclude that onementation, although it might represent a derived mode,
since it shows a direct development rather than produc- of the cycles specifies the prechordal mesoderm, which
gives rise to extrinsic ocular muscles, while the seconding a free-swimming larva first.
Segmental specification in the leech (and other clitel- cycle corresponds to the specification of the whole head
mesoderm, which is then secondarily patterned into so-late annelids) is cell lineage dependent. For example,
experimental frameshifts of one of the five teloblastic called somitomeres (Meier, 1982), possibly through in-
teraction with the ectoderm of the branchial arches.cell lineages results in a development that is specific to
the lineage and not to the segmental position (Martindale Apart from the question of head segmentation, it is
also clear that the formation of the first five to eightand Shankland, 1990; Gleizer and Stent, 1993). Other
experiments suggest that the number of stem cell divi- somites is somewhat detached from the formation of
the trunk somites. In zebrafish, they are not significantlysions intrinsically specifies segmental identity (Seaver
and Shankland, 2000, 2001). Intriguingly, RNAs of homo- affected by mutations disrupting trunk somite formation
(van Eeden et al., 1996) and even a complete loss oflogs of even skipped and hairy (Hro-hes) are associated
with mitotic chromatin in the segmental founder cells Notch signaling through inactivation of Su(H) affects
these somites only weakly, although this leads to a loss(Song et al., 2002, 2004) and Hro-hes transcription cy-
cles in antiphase to the nuclear localization of HRO-HES of all trunk somite borders in mouse and zebrafish (Oka
et al., 1995; Sieger et al., 2003). Jiang et al. (2000) haveprotein (Song et al., 2004). However, this cell cycle-
dependent expression is unlikely to be controlled by suggested that this may be due to an increasing loss of
synchronization provided by Notch-dependent cycling.wave front signaling systems such as the Delta-Notch
driven segmentation clock. Thus, this is a truly budding However, a slightly separate mechanism for anterior pat-
terning also cannot be excluded at present.mode of segmentation, whereby the cell division cycles
define the new segments. The apparently special developmental processes in-
volved in the formation of the most anterior segmentsInterestingly, a superficially comparable mode of seg-
mentation is also observed in some crustacean lineages. in different taxa is in line with the concept of primary
versus secondary segmentation discussed above. OnThey also produce teloblasts which divide synchro-
nously and asymmetrically to generate new segmental the other hand, the fact that the molecular processes
generating the anterior segments overlap with the pro-founder cells (Dohle and Scholtz, 1997). However, the
analysis of the dynamics of engrailed expression in cesses generating the trunk segments suggests that
there are not simply two completely different systemsthese cells shows that this does not lead to an early cell
lineage restriction (Scholtz et al., 1993). Accordingly, at work.
there is no equivalent to the N and Q teloblasts that
produce the segmental founder cells in annelids. Finally, Molecular Links
the crustacean species, which show the teloblastic The above discussion will have made clear that arthro-
growth process, are not representatives of ancestral pods, chordates, and annelids use three very different
taxa, and it is therefore likely that they have developed modes of segmentation. Any similarities between these
this process secondarily (Scholtz, 2002). modes must at this point be called superficial, to say
the least. However, one needs to keep two important
points in mind. First, even in taxa where segmentationAnterior Segmentation
One segmentation aspect remains enigmatic in all devel- processes are clearly homologous, such as within verte-
brates or within arthropods, there is considerable plas-opmental model systems studied so far, namely the
generation of the most anterior, or head, segments. Their ticity with respect to the exact modes of subdivision
and the recruitment of genes for this process. Second,specification usually shows some independence of the
segments generated in the growth zone, although the our molecular knowledge of the segmentation process
is mainly derived from model systems that are not repre-molecular mechanisms overlap.
In insects, pair-rule expression starts only in the man- sentatives of basal groups of the segmented taxa. Thus,
we should not expect extensive similarities to springdibular segment; i.e., there is no pair-rule stripe for the
antennal and intercalary segment. On the other hand, out from the comparisons of segmentation processes
in these derived groups. Only a broad coverage of sys-segment polarity gene stripes are readily detectable in
these segments, demonstrating that their specification tems, including basal groups, is likely to give us hints
about the ancestral patterns.is not completely detached from the rest of the segmen-
tation process. Intriguingly, though, the appearance of The study of more basal groups has now indeed
started and is providing initial clues for molecular linksthe most anterior engrailed stripes is usually delayed
(Patel et al., 1989a; Chipman et al., 2004a; Janssen et between the different segmentation processes within
and between phyla. I shall discuss three issues in turn,al., 2004). Minelli (2001) suggests that this peculiar orga-
nizational feature of the most anterior segments may namely pair-rule organization, segment border specifi-
cation, and cyclic expression of the Delta-Notch pathway.apply to all arthropods and reflects remnants of naupliar
segments. Pair-Rule Organization
A crucial point for comparing top-down versus bottom-In vertebrates, it is the head mesoderm anterior to the
somites which was subject to many speculations with up modes for segmentation is the role of the pair-rule
genes. One can argue that a transient double segmentalrespect to segment status and origin. Jouve et al. (2002)
have now shown show that this part of the mesoderm periodicity is not an obvious functional requirement for
generating segments in a successive mode. Thus, ifis subject to two pulses of cyclic expression of Notch
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such a pair-rule organization is found in diverse taxa, it expression and the posterior border by wingless ex-
pression.would be a good indicator of common origin, rather than
convergence due to design principles. A broadly crossreacting antibody against Drosophila
engrailed has shown early on that engrailed is expressedInitial observations with even-skipped expression in
grasshoppers did not point to a conservation of pair- at the segmental borders of insects and crustaceans
(Patel et al., 1989a, 1998b). This has now also beenrule organization, even among insects. But even-skipped
has by now turned out to be generally rather plastic in shown for spiders and myriapods where this antibody
does not crossreact and where it was thus necessaryits expression pattern, switching between pair-rule or
segmental expression, or even absence of expression to clone the respective homologs (Damen, 2002; Hughes
and Kaufman, 2002). The parallel study of wingless ex-in segments (Patel et al., 1992; Grbic et al., 1996; Rohr
et al., 1999; Hughes and Kaufman, 2002). Grasshoppers pression in the same taxa allowed to conclude that the
primary parasegmental organization known from Dro-are now known to show a pair-rule modulation for at
least one other gene, a Pax group III homolog (Davis et sophila is a general ancestral feature of arthropods (Da-
men, 2002; Hughes and Kaufman, 2002).al., 2001). In contrast to the grasshopper, homologs of
pair-rule genes show double segmental expression in Segmental engrailed expression was also found in the
leech (Oligochaeta), but only comparatively late in thethe growth zone of the beetle Tribolium (Sommer and
Tautz, 1993; Brown et al., 1997). However, none of the segmentation process and only in a subset of cells at
the segmental borders (Lans et al., 1993), suggestingknown pair-rule mutants in Tribolium (Maderspacher et
al., 1998) could so far be linked to one of these homologs a functional role in neurogenesis (Shain et al., 1998).
Ablation of such cells indeed did not result in disruption(Bucher, 2002).
Chelicerates and myriapods separated from the in- of the segmental specification, making it unlikely that
this engrailed expression has a role in border specifica-sect/crustacean lineage very early during the arthropod
radiation (Hwang et al., 2001). For the spider Cupiennius, tion (Seaver and Shankland, 2001). A similar observation
was made in another annelid species (Pristina leidyi,it was shown that the pair-rule gene orthologs hairy,
even-skipped, and runt are expressed in stripes in the Oligochaeta), where the expression of an engrailed ho-
molog was found to be restricted to the developinggrowth zone (Damen et al., 2000), although it has not
yet been possible to decide whether this reflects a pair- nervous system (Bely and Wray, 2001). However, a com-
pletely different picture has emerged from studying therule, segmental, or even cyclical expression (see below).
However, in the spider mite Tetranychus, a Pax group polychaete Platynereis. Both engrailed and wingless are
expressed in adjacent cell rows flanking the developingIII gene is unequivocally expressed in a pair-rule pattern
(Dearden et al., 2002), although it was only possible to segmental border (Prud’homme et al., 2003). Although
there are currently no functional data for the involvementshow this for the anterior (prosomal) segments.
Chipman et al. (2004b) have analyzed segmentation of engrailed and wingless in Platynereis segment specifi-
cation, these specific expression characteristics sug-genes in the centipede Strigamia and find that there is
a double segmental periodicity in the expression of a gest a true homology with the arthropod mechanism of
segment specification. Thus, this would link at least twogene of the odd-skipped family, odr1, preceding the
formation of the segmental engrailed stripes. A possible of the three principally different segmentation mecha-
nisms in one of their aspects, namely segmental borderdouble segmental periodicity in centipedes was pre-
viously already inferred from comparing segment num- specification. It will therefore be important to confirm
this observation in other annelid taxa. Seaver et al. (2001)bers between species, which are highly variable, but
always constitute only odd numbers (Minelli and Borto- have shown segmental engrailed expression in the poly-
chaete Chaetopterous, but this appeared only after mor-letto, 1988).
Although the data outside of insects remain sketchy, phological segment borders became visible, leading to
the conclusion that engrailed is not involved in segmen-it seems currently likely that pair-rule organization is in
some way an ancestral feature of arthropods, although tal border formation. However, given the fact that en-
grailed is often duplicated in different lineages (Gibert,it may turn out to be rather differentially used in the
different lineages. But if one takes pair-rule organization 2002), it still seems possible that an undetected homolog
has an earlier function. Such a subfunctionalization isas an indicator of a top-down segmentation mechanism,
then it seems safe to conclude that at least the arthro- known to occur among duplicate genes and has for
example been shown for wingless in the spider (Da-pods share this principle in general.
The evidence for a pair-rule organization outside of men, 2002).
Remnants of an involvement of engrailed in segmentalarthropods is almost absent. Only one particular zebra-
fish mutant in which two hairy-related genes (her1 and specification appear even in chordates. The primary
segments of amphioxus, which are produced throughher7) are deleted points to some underlying pair-rule
organization (Henry et al., 2002). However, since these enterocoely, express engrailed at their borders (Holland
et al., 1997). Since engrailed expression precedes bor-her genes are cyclically expressed, and since knocking
them out individually or together yields no hints for func- der formation, it is rather likely that it is involved in this
process. However, the trunk segments that are pro-tional pair-rule organization, it would seem that some
other feature of this deletion mutant leads to this pecu- duced in a secondary growth process show no signs of
segmental engrailed expression.liar phenotype.
Segment Border Specification Cyclic Expression
The hallmark of vertebrate segmentation is the cyclicSegment border specification through engrailed and
wingless is very well understood in Drosophila. The ante- expression of genes in the presomitic mesoderm, with
Delta-Notch signaling as a crucial component (Pourquie´,rior border of a parasegment is defined by the engrailed
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2001; Rida et al., 2004). Expression analysis of Delta Still, any functional involvement in the segmentation
process is not yet evident. Moreover, a similar posteriorand Notch genes in the spider Cupiennius has now
shown that these are also expressed in the growth zone expression exists in Drosophila (Baker, 1988), but this
is completely detached from the rest of the segmenta-of the spider (Stollewerk et al., 2003). Both form succes-
sions of stripes that appear to reflect cyclic expression, tion process.
although this has formally not yet been shown. However,
RNAi-mediated inhibition of the gene function of Delta Synthesis
and Notch results in partial segmentation defects that The developmental and molecular analysis of segmenta-
are reminiscent of the somitogenesis defects of Delta tion processes in the three major segmented animal
and Notch mutants in zebrafish. The fact that the defects groups, arthropods, annelids, and chordates, has shown
are only partial is apparently due to some redundancy that three operationally different mechanisms generate
between duplicate Notch and Delta genes. Inhibition of the repetitive patterns in each case. On the other hand,
Delta-Notch signaling through inactivation of a Suppres- still somewhat isolated but nonetheless intriguing simi-
sor of Hairless homolog leads to an almost complete larities have emerged between arthropod and annelid
loss of segmentation, very similar to zebrafish and and between arthropod and chordate segmentation.
mouse (M. Schoppmeier and W. Damen, personal com- Two genes or gene classes have even been found in all
munication). three systems: hairy related genes are involved in early
These results provide a previously unexpected link specification processes and engrailed is involved in seg-
between vertebrate and arthropod segmentation. Cu- mental border specification in at least some of the taxa
piennius uses on the one hand a number of canonical of each of the three groups. Although these molecular
arthropod segmentation genes for segment generation, links provide now for the first time some concrete evi-
including hairy, even skipped, runt, engrailed, wingless, dence for a common evolutionary origin of segmenta-
and cubitus interruptus (Damen et al., 2000; Damen, tion, they are still too isolated to take this concept as
2002) but requires at the same time Delta-Notch signal- proven. Convergent recruitment of these genes remains
ing, which has otherwise only been found in vertebrates. possible, in particular in the case of the hairy related
It is not yet clear what the relationship between meso- genes, where we know that different orthologs became
derm and ectoderm patterning is in Cupiennius. It does recruited to the segmentation process even within the
seem possible that both are patterned at the same time vertebrates (Leve et al., 2001).
in the growth zone, allowing one to speculate that Delta- The observation of Delta-Notch involvement in seg-
Notch is mainly involved in mesoderm segmentation and ment generation of arthropods and vertebrates (Stolle-
the other segmentation genes in ectoderm segmenta- werk et al., 2003) is currently the best evidence for a
tion. This will have to be tested in the future. In any common origin of segmentation mechanisms. One could
case, it is clear that a close interaction must occur be- dismiss this only by assuming an independent recruit-
tween these patterning systems, which may even blur ment of this signaling system to basically different devel-
ancestral separate functions. opmental processes. One could note that such an inde-
In Drosophila, Delta-Notch signaling is definitively not pendent recruitment has undoubtedly occurred for
segmenting the Drosophila legs, where Delta-Notch sig-involved in early segment specification. A role for Delta-
Notch signaling is also not yet evident for short germ- naling is required to determine the boundaries of the
joints (Rauskolb and Irvine, 1999). Parallel recruitmentband insect embryos. In Tribolium, none of the known
genes of the Delta-Notch gene cascade are expressed of cell-cell signaling systems to boundary formation pro-
cesses is indeed widespread (Irvine and Rauskolb,in a way that would suggest a specific involvement in
segmentation (unpublished data). In the grasshopper, 2001). However, in these cases, the signaling process
always acts at the end of a cascade that defines initiallylunatic fringe, which shows cyclic expression in chicken
and mouse, is only expressed at late stages of the al- larger fields. The somitogenesis clock is clearly different
in this respect. Here, it is Delta-Notch signaling itselfready formed segmental borders (Dearden and Akam,
2000). But this applies also to lunatic fringe expression that acts upstream of the eventual boundary formation.
As such, it is unique, and if the spider indeed uses thein zebrafish (Leve et al., 2001; Prince et al., 2001). Delta
expression in the centipede Lithobius mimics that of the same clock mechanism, then this can be seen as strong
evidence for a common origin.spider; i.e., it is expressed in stripes in the growth zone
(Kadner and Stollewerk, 2004), and the odr1 pair-rule Another argument for a homology of at least the pri-
mary segmentation system is the observation of a gen-expression in the centipede Strigamia might be gener-
ated by a cyclic process (Chipman et al., 2004b). Given eral conservation of genes patterning the head of bilater-
ian animals (Reichert and Simeone, 2001; Hirth et al.,that odd-skipped family genes can be targets of Delta-
Notch signaling in Drosophila, this suggests that Delta- 2003). Even the embryo of the hemichordate Saccoglos-
sus (which represents the archimeric type; Figure 4F)Notch may be involved in myriapod segmentation as
well (Chipman et al., 2004b), although this still needs to shares the complex expression patterns of anterior
genes with insects and vertebrates (Lowe et al., 2003),be shown directly.
The other suggested crucial component of the cyclic implying that the bilaterian ancestor had a similar com-
plex organization of the parts that cover the anteriorexpression in vertebrates may be the wnt pathway (Au-
lehla et al., 2003). Intriguingly, wingless is also expressed region. Given these molecular overlaps and the molecu-
lar overlaps between head and trunk segmentation dis-at the most posterior end of the growth zone in Tribolium
(Nagy and Carroll, 1994) and in the crustacean Triops cussed above, one may conclude that primary and sec-
ondary segmentation mechanisms cannot be completely(Nulsen and Nagy, 1999), as well as in the spider (Damen,
2002) and the centipede (Hughes and Kaufman, 2002). independent of each other.
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This issue touches also on one important point dis- changes in embryonic development. However, its views
cussed in the critique of the enterocoele theory. Hartman on perpendicular axis generation are not so remote from
(1963) suggested that there is a principle difference be- recent findings. Bruce and Shankland (1998) have pro-
tween annelids and arthropods on the one hand and posed that there was a radial ancestor that developed
deuterostomes on the other, in that only the latter show an asymmetric specification of a specialized group of
a distinction between primary and secondary segmenta- “trunk” precursor cells, perpendicular to the main axis,
tion, but not the former. This was taken as one major while the ancestrally radial part would now constitute the
argument against the theory. Now we can say at least head region. Finnerty et al. (2004) find for the diploblastic
from the studies in insects that there is indeed a distinc- sea anemone Nematostella several Hox gene expres-
tion with respect to the formation of the first two head sion domains that define a “directive axis” which is per-
segments. These do not require the action of a pair-rule pendicular to the oral-aboral axis. This observation is
gene (see above) although they share with the trunk in direct agreement with the enterocoel hypothesis, at
segments the use of segment polarity genes. Thus, at least if one would assume that these expression do-
least one counter-argument against the enterocoele the- mains are ancestral.
ory can be dropped. Evidently, even a revived enterocoel hypothesis does
Other counter arguments came from phylogenetic not directly imply homology of trunk segmentation pro-
considerations which suggested that seemingly primi- cesses. This will still have to be shown by further analysis
tive acoelomatic taxa would be at the base of the bilater- of a variety of animal groups, representing a broad selec-
ian radiation. These views have now changed with the tion of basal representatives. The currently most impor-
results from molecular phylogeny reconstruction (Agui- tant question is whether Notch signaling is involved in
naldo et al., 1997; reviewed in Adoutte et al., 2000). segmentation of basal representatives of annelids. How-
These divide bilaterians into three major groups, the ever, it is already clear from the current state of analysis
ecdysozoa, the lophotrochozoa, and the deuteros- that only traces of a common origin of segmentation
tomes, which could well have had a common progenitor will be found. Thus, the evolution of segmentation mech-
from which they radiated. This progenitor may have rep- anisms will remain on the research agenda for some
resented the archimeric or deutomeric type discussed time to come.
above, implying that at least the primary (head) segmen-
tation process shared by many phyla is ancestral. The Acknowledgments
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